Electrophysiology clarifies the megariddles of the mitochondrial permeability transition pore  by Zoratti, Mario et al.
FEBS Letters 584 (2010) 1997–2004journal homepage: www.FEBSLetters .orgReview
Electrophysiology clariﬁes the megariddles of the mitochondrial permeability
transition pore
Mario Zoratti a,b,*, Umberto De Marchi c, Lucia Biasutto b, Ildikò Szabò d
aCNR Institute of Neuroscience, Padova, Italy
bDept. of Experimental Biomedical Sciences, University of Padova, Viale Giuseppe Colombo 3, 35131 Padova, Italy
cDept. of Cellular Physiology and Metabolism, University of Geneva, Rue Michel-Servet 1, 1211 Geneve 4, Switzerland
dDept. of Biology, University of Padova, Viale Giuseppe Colombo 3, 35131 Padova, Italy
a r t i c l e i n f o a b s t r a c tArticle history:
Received 1 December 2009
Revised 8 January 2010
Accepted 8 January 2010
Available online 16 January 2010
Edited by Adam Szewczyk
Keywords:
Patch-clamp
Permeability transition pore
Mitochondrial megachannel
Electrophysiology
Mitochondrial protein import
Tim230014-5793/$36.00  2010 Federation of European Bio
doi:10.1016/j.febslet.2010.01.012
Abbreviations: AAC2, ADP/ATP carrier 2; ANT, ade
BHT, di-t-butylhydroxytoluene; CL, cardiolipin; CsA,
philin D; Cx43, connexin-43; DW, mitochondrial tran
HBSS, Hank’s balanced saline solution; HCT116, huma
(2-hydroxyethyl)-1-piperazineethanesulfonic acid;
membrane anion channel; IMM, inner mitochondr
embryonic ﬁbroblast; MCC, multi-conductance ch
megachannel; MPTP, mitocondrial permeability tr
mitochondrial membrane; PSC, peptide-sensitive ch
chondria; TSPO, translocator protein; VDAC, voltag
(mitochondrial porin); WT, wild-type
* Corresponding author. Address: CNR Institute of N
Biomedical Sciences, University of Padova, Viale G
Padova, Italy. Fax: +39 049 8276049.
E-mail addresses: zoratti@bio.unipd.it (M. Zoratti),
(U. De Marchi), lucia.biasutto@unipd.it (L. Biasutt
Szabò).After a brief review of the early history of mitochondrial electrophysiology, the contribution of this
approach to the study of the mitochondrial permeability transition (MPT) is recapitulated. It has for
example provided evidence for a dimeric nature of the MPT pore, allowed the distinction between
two levels of control of its activity, and underscored the relevance of redox events for the phenom-
enon. Single-channel recording provides a means to ﬁnally solve the riddle of the biochemical entity
underlying it by comparing the characteristics of the pore with those of channels formed by candi-
date molecules or complexes. The possibility that this entity may be the protein import machinery of
the inner mitochondrial membrane is emphasized.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
This mini-review deals with the electrophysiological investiga-
tion of the mitochondrial inner membrane (IMM), focussing, after
an historical introduction, on the permeability transition pore
and related aspects. Previous reviews dealing with approximately
the same subject matter include [1–3]. For more recent reviewschemical Societies. Published by E
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o), ildiko.szabo@unipd.it (I.dealing also with other mitochondrial channels see the papers in
this issue and, e.g. [4–6].
2. The dawn of mitochondrial electrophysiology
This research ﬁeld is actually an offshoot from the great debate
on Mitchell’s chemiosmotic model of energy transduction of the
1960s and 1970s. Several groups at the time were interested in
measuring the electrical potential difference across the mitochon-
drial IMM (DW) in order to correlate it with ATP production. Most
used methods based on measuring the accumulation ratio of per-
meant ions or ﬂuorescent dyes [7]. The pioneer who ﬁrst thought
of measuring the DW directly, with electrodes, was Henry Tede-
schi, who reported this work in three papers published in 1969
[8–10]. Large Drosophila mitochondria supplied with respiratory
substrates were used, and voltage and access resistance of the pip-
ette-type working electrode were measured as the electrode itself
was pushed into and withdrawn from the mitochondrion. The
recordings were consistent with a DW in the order of 10–20 mV
matrix-positive. The experiments were rather delicate affairs; the
mitochondria usually ‘‘collapsed” within seconds after impale-
ment. The Authors clearly recognized and discussed the possibility
of drastic membrane damage during impalement and otherlsevier B.V. All rights reserved.
Table 1
Major electrophysiologically deﬁned characteristics of the MPTP.
Reference
Full conductance in the 900–1300 pS range (150 mM KCl),
many substates
[28]
Binary cooperative behaviour: frequent appearance of a
‘‘half-conductance” fast-gating substate which can also be
[28,32,35]
1998 M. Zoratti et al. / FEBS Letters 584 (2010) 1997–2004potential sources of error, but nonetheless concluded, quite rea-
sonably in those years, that their data did not support the chemi-
osmotic theory. This obviously fed the ongoing discussion.
Tedeschi and co-workers responded to criticism with some bril-
liant experiments, employing now giant mitochondria obtained
from the livers of cuprizone-fed mice [11–15]. They showed that
myoﬁbrils adjacent to impaled mitochondria supplied with ADP
would contract, thus indicating the production of ATP. Impaled
mitochondria would also accumulate calcium phosphate. They
furthermore conﬁrmed that the potential they recorded did not de-
pend on metabolic status of the mitochondrion, excluded artefacts
due to diffusion potentials at the electrode tip, and demonstrated
that in their experiments the recording electrode was indeed inside
the mitochondrion. Despite all this, we now ﬁrmly believe that
mitochondria maintain a high DW and use it to drive phosphoryla-
tion. One notes however that – Henry Tedeschi aside – no one has
yet measured directly the potential across the inner mitochondrial
membrane, e.g. by patch-clamp experiments in the whole-mito-
plast current-clamp mode. This was actually the initial goal of
our own work, which rapidly changed due to the technical difﬁcul-
ties of the enterprise. That the conclusions reached by Tedeschi
and co-workers were not in line with today’s paradigms does not
detract from the brilliance of their innovative approach; it serves
instead as a reminder that even the most carefully devised and
controlled experiments may in the end turn out to be ﬂawed.
It was logical that Tedeschi’s group should be one of the two
ﬁrst to apply the newly invented patch-clamp technique to mito-
chondria. With the adoption of this experimental approach the fo-
cus shifted from the veriﬁcation of the (by then established)
chemiosmotic theory to the discovery and characterization of
ion-conducting pathways. The activity recorded in the ﬁrst such
experiments by the Albany group was attributed to channels of
the outer membrane [16–20]. In these studies single channels
could not be resolved, and what was actually being observed is
not clear. Thus, the distinction of being the ﬁrst to record the activ-
ity of a well-characterized mitochondrial channel by patch-clamp
belongs to Sorgato et al. [21]. These authors worked on swollen
mitochondria (mitoplasts) and clearly showed that the membrane
being patched was the inner one. The channel they characterized is
anion-selective, it is induced to open by depolarizing (i.e. matrix-
positive) potentials, and it has a characteristic main conductance
level of 107–110 pS in symmetrical 150 mM KCl (hence it is often
referred to as ‘‘107 pS channel”). It is commonly observed in patch-
clamp experiments on the inner membrane of mitochondria from
various sources, and it is generally well behaved. It does not have,
to our knowledge, a recognized plasmamembrane counterpart, nor
is its molecular identity known. On the other hand, it has been con-
vincingly equated with IMAC, the inner membrane anion channel
studied with other experimental approaches [22,23]. A recent re-
port indicates that IMAC may be activated – among other condi-
tions and agents – by relatively mild oxidative stress [24].
The second part of the 1980s also saw the ﬁrst studies revealing
the presence of ion-conducting mitochondrial pores (other than
VDAC) in reconstituted membrane fractions, at the hands of Thief-
fry et al. [25]. This channel, studied mainly by the ‘‘tip-dip” tech-
nique, was shown to be blocked by peptides, to be located in the
OMM, and it was eventually identiﬁed as the outer membrane pore
component of the mitochondrial protein import machinery, Tom40
[26,27].observed as a stand-alone channel
Voltage-dependent: open at V close to 0 [32]
Low anion selectivity with rare switches to cation selectivity [34,35]
Activated by Ca2+ in the sub-mM range (matrix side) [30,31]
Inhibited by Cyclosporin A, acidic pH, divalent cations other
than Ca2+, ADP, ubiquinone analogs
[29–31,33]
Inhibition competes with activation by Ca2+ [31,33]
Activated by oxidative conditions and thiol modiﬁcation [36]3. The mitochondrial permeability transition pore
Our initial patch-clamp experiments on Rat Liver Mitoplasts
immediately revealed the presence of a high-conductance channel
which at ﬁrst sight reminded us of the large, stretch-activatedpores of bacterial protoplast membranes we were also studying
at the time [28]. Mechanosensitivity turned out not to be one of
the deﬁning features of this activity, whose characteristics are
summarized in Table 1. The pharmacological proﬁle and the bio-
physical characteristics of the pore identify it as the electrophysio-
logical equivalent of the MPTP [2,29–36].
Some characteristics of the pore, which we initially nicknamed
‘‘mitochondrial megachannel” (MMC), deserve comment. The bin-
ary behaviour is reminescent on one side of the possibly analogous
cooperative organization of the machinery of mitochondrial pro-
tein import [37–40], on the other of the dimeric structure of mito-
chondrial translocators, candidates to the role of core components
of the MPTP [41–43]. The frequency with which the full-conduc-
tance form can be observed in patch-clamp experiments varies
depending on the origin of mitochondria: it is highest in rodent li-
ver mitoplasts and considerably lower in mitoplasts isolated from
cultured cells. In the latter however the probability of observing a
channel which we believe to represent one of the two hemi-pores
(HP) composing the full MPTP increases correspondingly [35]. The
reasons and mechanisms of this variability are unknown, since the
molecular nature of the MPTP still resists deﬁnition. At least the
yeast ADP/ATP carrier has however been reported to actually func-
tion as a monomer [44] (see discussion in [45]), so that the notion
that either dimers or monomers may be observed in patch-clamp
experiments would not be outrageous.
Aspects of Ca2+/Pi-induced activation can be clearly appreciated
using the electrophysiological approach. While a (very laborious)
quantitative evaluation has not been carried out, it is clear that
at low [Ca2+] not only the probability of observing MPTP activity
in any given mitoplast patch is low, but also the time intervening
before it disappears (inactivates) is generally short. This indicates
that Ca2+ is not merely needed to activate the channel or to induce
its assembly, but is also involved in keeping it in an active (i.e.
mainly open) state, as clearly shown also by the immediate disap-
pearance of channel activity upon Ca2+ chelation. Electrophysiolog-
ical experiments also nicely show the competitive nature of
activation by Ca2+ and inhibition by any one of several agents
[31,33,34], difﬁcult to study by other means. A Ca2+-elicited pore
can be inhibited, reactivated by increasing [Ca2+], re-inhibited by
increasing [inhibitor], and so forth for several cycles and without
a deﬁned upper limit. This behaviour is difﬁcult to interpret in
terms of a limited number of binding sites on a protein. Rather, it
suggests that an overall equilibrium is involved, in which the
closed or open state of the pore can be considered as one of the re-
agents or products. The position of the equilibrium for a particular
specie can then be shifted one way or the other by changing the
concentration of the other specie(s) involved, i.e. the activator
(Ca2+) or the inhibitor, according to the law of mass action. The
activating effect of Ca2+ may be explained in terms of an apparently
unsaturable population of ‘‘receptors” for this ion with a relatively
M. Zoratti et al. / FEBS Letters 584 (2010) 1997–2004 1999low (or perhaps a Ca2+-modulated) afﬁnity. The most logical candi-
date for this role is cardiolipin (CL), which is well known to bind
Ca2+ and other divalent cations and to be of major importance
for the correct functioning of mitochondrial carriers [45–47] and
also of Tim23, a key (dimeric) component of the mitochondrial
machinery devoted to the import of preproteins [48]. A relation-
ship between CL alteration and MPT onset has been clearly demon-
strated [49–51]. Ca2+ binding to cardiolipin associated with an
MPTP-forming protein may result in an increased oxidizability of
critical thiol groups [52,53] (for a somewhat more detailed discus-
sion see: [33,34] and Refs. therein). Does an involvement of cardi-
olipin imply that inhibitors also act at the membrane level? Some,
e.g. local anesthetics or polyamines, plausibly might. For others,
e.g. cyclosporin or ADP, this is more difﬁcult to envision. In these
cases, the competitive behaviour might be explainable as follows:
Ca2+-induced ‘‘rigidiﬁcation” or ‘‘sequestration” of cardiolipin and
other negative membrane lipids causes a decrease in the afﬁnity
of the binding sites of these inhibitors, which can nonetheless oc-
cupy them to a signiﬁcant extent when applied at higher
concentrations.
The electrophysiological investigation of mitoplasts from the li-
ver of transgenic mice lacking cyclophilin D (CypD) [34] conﬁrmed
that these mitochondria can undergo Ca2+-induced permeabiliza-
tion, although the phenomenon required higher [Ca2+] and was
cyclosporin A-insensitive (CsA), as reported by Basso et al. [54].
The study by De Marchi et al. [34] furthermore showed that the
characteristics (conductance, kinetic behaviour, voltage-depen-
dence, selectivity) of the pore were indistinguishable from those
observed with WT mouse mitochondria. The same statement ap-
plies to individual MPTP pores recorded in WT mitochondria at
various Ca2+ levels, and with co-induction by various agents, e.g.
phosphate or treatment of the mitochondria with the thiol re-
agents MitoTracker Orange (MTO) or phenylarsine oxide (U. De
Marchi, I. Szabò, M. Zoratti, unpublished observations). These
observations not only conﬁrm that CypD exerts a non-essential,
regulatory role in the MPTP, but also allow us to distinguish be-
tween two levels of control of pore activity. CypD, like Ca2+ and
other inducers and inhibitors, seems to act at a ﬁrst – pore activa-
tion/deactivation – level. These factors increase or decrease the
probability that a pore activates or forms, but once the pore is acti-
vated its behaviour is not inﬂuenced by CypD (in agreement with
models envisioning its MPT-permissive detachment from a site)
or by the concentration of Ca2+.
A case of inducer-independent behaviour is also that of MPTP
activity in the presence of atractyloside (ATR). In a series of exper-
iments our group has recorded single MPTP channels in the mem-
brane of RLM treated as reported in Table 2. At the low [Ca2+] used
(20 lM) only a small fraction of the mitochondria deposited in the
patch-clamp chamber swelled spontaneously. As expected given
the known MPT-inducing effect of ATR, this fraction was much
greater (i.e, the process more rapid) in the presence of 100 lM
ATR, and ATR also induced CSA- and ADP-sensitive swelling of sus-Table 2
Statistics of MPTP observation in rat liver mitoplasts.a
Osmotic shock
NPTP/Ntotb
‘‘Spontaneous”
swelling
NPTP/Ntotb
Total
NPTP/Ntotb
20 lM Ca2+ 1/36 5/17 6/53 (11.3%)
20 lM Ca2+, 100 lM ATR 3/37 5/20 8/57 (14.0%)
a Patch-clamp experiments in the presence of 20 lM Ca2+ and with or without
100 lM Atractyloside (in both the incubation medium and the patch pipette). A
distinction is furthermore made according to the method of swelling.
b Number of experiments showing MPTP activity (for any length of time) over the
total number of experiments performed under the indicated conditions.pended RLM (Fig. 1). The high concentration of ATR was used be-
cause it had been used to induce opening of the MPTP in other
studies [55,56] and because at this concentration ATR inhibits
the adenine nucleotide translocator (ANT) inside hepatocytes,
implying that sufﬁcient amounts of it can diffuse through biomem-
branes ([57] and references therein). Despite the presence of the
inducer, the MPTP was not observed with a higher frequency in
ATR-treated mitochondria than in controls, not even when swell-
ing had been allowed to take place ‘‘spontaneously”, i.e. presum-
ably, because of MPT onset. This can be plausibly attributed to
the short period of activity of the pore at 20 lM Ca2+: at least
one MPTP had presumably opened in each swollen mitochondrion,
but in most cases it had then inactivated by the time the seal was
established and recording begun. A more surprising observation (at
the time: 2004) was that the (short-lived) activity recorded was
indistinguishable in the two case (Fig. 2), and also very similar to
that recorded in the presence of PhAsO (not shown). In this latter
case, evidence has been presented that PhAsO bridges two cyste-
ines belonging to the ANT [58]. If the ANT were the protein forming
the ion-conducting part of the MPTP, we would have here a case in
which the presence of an inhibitor bound deep inside the putative
pore-forming portion [47,59], or the cross-linking of two thiols
have little effect on the time-resolved functioning of the active
pore. It seems more logical to propose that the ANT has no or only
a regulatory role, a view already supported by other observations
[41,42,56,60,61].
The MPTP has long been known to be a redox-sensitive channel,
induced or activated by oxidizing conditions. The conversion of
thiol couple(s) to disulﬁde is involved [62–67]. The swelling exper-
iments left some questions open: is thiol oxidation always involved
in MPTP formation, or can the pore be activated also in the absence
of such an interconversion? Is the process induced by oxidizing
agents reversible, as already shown for Ca/Pi induction [68]? Are
the properties of the pore induced by oxidizing agents the same
as those of the pore induced by Ca/Pi? Are there differences in
the properties of the pores induced through oxidation of the differ-
ent classes of thiol groups identiﬁed as being involved in the MPT
[64]? Does thiol oxidation induce pore formation, or does it have
‘‘just” a facilitating effect on induction by Ca2+ and depolarization?
Electrophysiology can help ﬁnding the answers to such questions.
Only some are in at present: MPTP activity recorded from mitop-
lasts exposed only to Ca2+ and Pi was inhibited in a high percentageFig. 1. Atractyloside induces swelling of isolated rat liver mitochondria (RLM). RLM
were incubated (1 mg prot mL1) in 250 mM sucrose, 10 mM Hepes/K+, 1 mM
succinate, 1.25 lM rotenone, pH 7.4 (no added Ca2+). T: 20 C. Pseudo-absorbance
was recorded at 540 nm. The experiment was initiated by the addition of RLM to the
cuvettes. Substances were present from the beginning as indicated: (a) none
(control); (b) ATR 100 lM; (c) ATR 100 lM + CsA 1 lM; (d) ATR 100 lM + ADP
1 mM.
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Fig. 2. Two representative patch-clamp experiments on RLM mitoplasts, illustrating the lack of effect of atractyloside (ATR) on MPTP activity. Current amplitude histograms
(left) and representative current traces (right). Conditions: (A) in symmetrical 150 mM KCl, 20 mM Hepes/K+, 1 mM Pi, 20 lM CaCl2, pH 7.35. ‘‘spontaneously” swollen
mitochondrion. (B) identical, except that 100 lM Atractyloside was also present from the beginning. In both cases: pipette voltage: +10 mV; ﬁltering: 1 kHz; digital sampling
rate: 5 kHz.
2000 M. Zoratti et al. / FEBS Letters 584 (2010) 1997–2004(90%) of cases by the addition of reducing agents such as querce-
tin or di-t-butylhydroxytoluene (BHT) [36], suggesting that indeed
a reversible oxidative event had determined MPTP activation in all
cases (since the failures can be explained away as due to technical
aspects). This is conﬁrmed by the observation that pore ‘‘silencing”
by a reducing agent (morin in the example shown in Fig. 3) can be
reversed by hydrogen peroxide. The oxidant causes the renewed
onset of activity characterized by a rather irregular behaviour
interspersed with periods of more orderly gating, a behaviour
sometimes displayed spontaneously by IMM patches [34]. Re-
newed addition of an excess of reductant can lead to the disappea-
rence of the H2O2-induced activity.
4. Still in search of MPTP identity, but perhaps not for much
longer
At about the same time of our initial studies, Kinnally et al. also
reported observing a 1 nS channel in mouse liver mitoplasts [69].
This was then recognized to exhibit multiple conductance levels
[70] (it was hence nicknamed MCC) and it turned out to be fre-
quently observed if the mitochondria had been isolated in the pres-
ence of relatively high [Ca2+] [71]. At variance with the activity
observed by our group it was reported to be also activated by rel-
atively high voltages (in mitochondria prepared under good Ca2+
control; VP ±60 mV) [72]. Cyclosporin A was reported to induce
occupancy of lower conductance levels [72]. Overall, these features
suggested this channel might correspond to the one we were
studying, but conﬁrmation through a speciﬁc biophysical and
pharmacological study is still needed. The Albany group reported
that the MCC was affected by ligands of the peripheral/mitochon-
drial benzodiazepine receptor (now called TSPO) [73]. The TSPO re-
mains a prominent candidate MPTP component (for a discussion
see: [2,35]), but in experiments on mitoplasts from the human
HCT116 cell line we have not been able to detect effects by TSPO
ligands PK11195 or Ro5-4864 on the HP channel [35]. However,
we have now observed what seems to be an open-channel block
of the HP channel in mitoplasts of the same origin by Protoporphy-rin IX (PPIX), one of the compounds used by the American col-
leagues (De Marchi et al., unpublished). Of note, Azuma et al.
[74] have reported that PPIX binds the ANT and prevents ADP up-
take into mitochondria.
Kinnally et al. have later proposed another identity for the MCC.
It was reported to undergo fast block by leader peptides [75] and
then identiﬁed as the manifestation of Tim23 [76–78]. Another,
normally silent, channel was instead assigned to Tim22 [79]. These
channels, as well as Tom40/PSC of the outer membrane, have very
similar activity [80]. In particular, they have a conductance in the
order of 1 nS and show evidence of a dimeric cooperative structure.
Thus, they strongly resemble the MPTP as well, as evident from
even a cursory look at current recordings. The most evident differ-
ence is selectivity, which is reported to be weakly cationic,
whereas the MPTP of mammalian mitochondria displays mainly
a mild preference for anions, adopting cation-selective state(s)
only occasionally and along with a transformation into a rather
‘‘unruly” channel [34].
The protein import channels have been studied mainly in yeast
mitoplasts. In a study on these membranes we had also character-
ized a cation-selective channel which could be blocked by pCox-IV
leader peptide, at least in planar bilayer experiments [81]. At the
time we had tentatively identiﬁed this as the PSC (later deﬁned
to be Tom40), and dismissed its identiﬁcation as the MPTP because
of insensitivity to CsA, ADP or protons, classical inhibitors of the
MPTP. The channel might actually correspond to one of the inner
membrane protein translocation complexes. Yeast mitochondria
have long been known to be very reluctant to undergo a permeabil-
ity transition analogous to that of mammalian mitochondria. Only
recently Ca2+-induced (and CsA-insensitive, Pi-inhibited) perme-
abilization has been reported to take place under rather speciﬁc
experimental conditions in yeast mitochondria [82].
Interestingly, the high-conductance channel formed by Tic110
[83], a protein of the inner envelope of chloroplasts which is the
centerpiece of the protein import system through that membrane,
studied in planar membranes after reconstitution, changes its
selectivity from cationic to anionic in the presence of Ca2+ [84].
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M. Zoratti et al. / FEBS Letters 584 (2010) 1997–2004 2001Ca2+ furthermore has a stabilizing effect on channel gating.
Whether the channel is also subjected to redox modulation has
not been reported, but six cysteines provide the potential for thistype of regulation, and at least one disulﬁde bridge can be present
and may well have physiological relevance [84]. The patch-clamp
studies of protein import channels by Kinnally et al. were
2002 M. Zoratti et al. / FEBS Letters 584 (2010) 1997–2004conducted at lM Ca2+ levels (typically 10 lM or ‘‘contaminating”
Ca2+). High [Ca2+] (typically 100 lM–1mM) was used instead in
most of our experiments dealing with the MPTP in mitoplasts
and of the bilayer experiments assessing the properties of reconsti-
tuted Tim23 and Tim22. If it turned out that a Ca2+-induced change
of selectivity analogous to that reported for Tic110 takes place also
in the case of Tim23 and/or Tim22, this would go a long way to put
the correlation MPTP = Tim23/22 on ﬁrm ground.
If an IMM-based protein import complex is to be credible as an
MPTP candidate, it ought to fulﬁl the requisites of interaction with
the ANT and perhaps other mitochondrial carriers, and, to accom-
modate the data involving complex I of the respiratory chain
[60,85,86], with this complex as well. Yeast AAC2 has recently been
reported to interact in a CL-dependent manner with a number of
other proteins, including complexes of the respiratory chain
(although an interaction with complex I was not reported) and
Tim23 [87,88]. The interaction between Tim23 and the Complex
III–Complex IV supercomplex has been reported to be inﬂuenced
by the F0F1 ATPase [89], which also interacts with CypD [90]. In
view of these reports, one can perhaps conclude that the require-
ment for interaction with modulators of the MPTP is not really
an obstacle for the advancement of the candidacy of Tim23 and/
or Tim22 complexes to the role of MPTP constituents. Since appa-
ratuses allowing the ‘‘sidewise” insertion of proteins into mem-
branes, such as the ER Sec61 [91] and mitochondrial Tim22 [39]
complexes, are thought to comprise membrane phospholipids as
functional translocation pore wall constituents, this may be the
case also for the MPTP. This would help explain the occasional dis-
play of irregular, ‘‘noisy” behaviour as well as the variability in
conductance.
At the core, this candidacy rests in any case on electrophysio-
logical observations, and speciﬁcally on the similarities between
the MPTP on one side and the channels formed by protein import
complexes on the other. It is a long-standing hypothesis, dating
back at least to the early 1990s, which has been neglected because
of the data pointing to an involvement of the ANT (and VDAC) con-
taining complex. In view of the recent data discounting a key role
for these latter proteins, it should be reevaluated.
There are other candidates. The electrophysiological properties
of the maxi-chloride channel [92], whose molecular identity is still
unknown, are very similar to those of the HP channel we have pro-
posed to be the manifestation of a monomeric component of the
MPTP [35]. The recently described Golgi pH regulator (GPHR)
forms trimers and upon reconstitution in planar membranes pro-
duces weakly anion-selective pores with a maximal conductance
similar to that of the HP. Transitions to substates are favoured by
relatively high voltages of either sign. The protein however resides
in the Golgi [93]. Mitochondrial carriers refuse to give up their tra-
ditional role as main candidates, relying in part on the fact that at
least the ANT and PiC can also produce channels in vitro. The de-
bate has been given new life by the discovery of isoform ANT4 in
mice, where under normal circumstances it is expressed however
only in testicular germ cells [94,95]. Furthermore, it is entirely con-
ceivable that when absent it might be substituted in this role by
another member of the family of mitochondrial carriers. The recon-
stituted ANT showed conductances in the 300–600 pS range
([KCl] = 100 mM), with substates, activated by Ca2+, and decreased
by lowering pH in the 7–5 range. But the channels closed only at
V > 100 mV, and were slightly cation-selective [96,97]. PiC formed
anion-selective pores, but their conductance was considerably
lower than needed to account for the MPTP [98]. The inner mem-
brane has been reported to harbour a Ca2+-activated high-conduc-
tance mitochondrial Ryanodine Receptor [99,100].
Other hypotheses are less likely. For example: Connexin-43
(Cx43) hemichannels are present in cardiac mitochondria
[101,102], but channels formed by Cx43 are inactivated by Ca2+and display little selectivity and a considerably lower conductance
than the MPTP [103,104]. Other hemi-connexons have suitably lar-
ger conductance (e.g. [105]), but carbenoxolone, a widely used
gap-junction blocker, had no effect on HP activity [35]. Electro-
physiology has also helped to make some proposed components
of the MPTP complex unlikely by showing that the pore formed
in their absence was indistinguishable from the wild-type one. This
was the case for VDAC [35] and Bax, the pro-apoptotic protein
[106].
5. Conclusion
Electrophysiological studies have greatly helped progress in our
understanding of the permeability properties of the IMM in gen-
eral, and of the phenomenon known as mitochondrial permeability
transition in particular. An identiﬁcation strategy for the MPTP
based on the detailed comparison of electrophysiological proper-
ties with those of puriﬁed and reconstituted candidates, coupled
if possible with the study of the effects of mutations, remains valid.
Thanks to this approach, after delays and side-trackings, the iden-
tity of the elusive MPTP may ﬁnally be within reach. Important de-
tails remain to be worked out, but betting on the protein import
apparatus now seems a reasonable option.
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